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1  | INTRODUC TION




of	 such	 conflicts	 of	 interest	 include	 the	 reintroduction	 or	 recov‐
ery	of	 large	predators	 (e.g.,	gray	wolves	Canis lupus	 in	Europe	and	
the	USA—Mech,	2017),	the	control	of	species	that	limit	agricultural	
productivity	(e.g.,	geese	and	common	crane	Grus grus	on	European	
farmland—Mason,	 Keane,	 Redpath,	 &	 Bunnefeld,	 2017),	 and	 the	
occurrence	of	threatened	populations	in	areas	of	prime	real	estate	
development	 (e.g.,	 the	 clearance	 of	 coastal	 habitats	 for	 develop‐
ment—Drius	et	al.,	2019)	or	of	high	extractive	use	value	(e.g.,	spotted	
owls	Strix occidentalis	 in	old	growth	 forests—Wan,	Ganey,	Vojta,	&	
Cushman,	2018).	Such	conflicts	of	interest	can	become	entrenched	
into	 opposing	 factions,	with	 little	 opportunity	 to	 realize	 solutions	
(Thirgood	 &	 Redpath,	 2008).	 Resolving	 these	 relies	 not	 only	 on	













moors	 (e.g.,	Murgatroyd	et	al.,	2019);	 and	 (b)	predation	by	 raptors	
can	make	driven	grouse	shooting	economically	unviable	 (Thirgood	
&	Redpath,	2008).	More	recently,	debate	around	environmental	is‐














The	 most	 intensive	 form	 of	 grouse	 shooting,	 driven	 grouse	
shooting,	in	which	birds	are	flushed	toward	lines	of	concealed	shoot‐
ers,	takes	place	over	approximately	3,700	km2	of	UK	moorlands.	This	













An	 internationally	 important	 bird	 assemblage	breeds	 on	unen‐









sis	 globally	 (Thompson,	 Macdonald,	 Marsden,	 &	 Galbraith,	 1995),	
these	 being	 red‐	 and	 amber‐listed	 species,	 respectively	 in	 the	UK	
(Eaton	et	al.,	2016).	Thus,	appropriate	management	of	upland	moor‐
land	is	critical	for	preserving	populations	of	key	bird	species.
Previous	 studies	 have	 generally	 shown	 a	 positive	 relation‐
ship	 between	 grouse	 moor	 management	 and	 populations	 of	 red	
grouse	 and	 of	 ground‐nesting	waders.	 Among	waders,	 such	 a	 re‐
lationship	 has	 been	 reported	 for	 European	 golden	 plover,	 north‐
ern	 lapwing	 Vanellus vanellus	 and	 Eurasian	 curlew	 (e.g.,	 Baines,	
Redpath,	Richardson,	&	Thirgood,	2008;	Buchanan,	Pearce‐Higgins,	
Douglas,	&	Grant,	2017;	Newey	et	al.,	2016;	Tharme,	Green,	Baines,	




species	 may	 be	 negatively	 associated	 with	 intensively	 managed	














dress	 this	directly	as	 they	have	 relied	on	proxy	measures	 (such	as	
crow	abundance	as	an	indicator	of	predator	control	effort)	for	one	















breeding	 populations,	 of	 red	 grouse,	 northern	 lapwing,	 European	
golden	plover,	and	Eurasian	curlew,	relative	to	areas	without	pred‐
ator	control	(Fletcher,	Aebischer,	Baines,	Foster,	&	Hoodless,	2010).	
Here,	 we	 investigate	 the	 impacts	 of	 these	 management	 actions	








management	 practices	 (albeit	 they	may	 show	positive	 or	 negative	
association	with	particular	habitat	 features	within	upland	estates),	
other	nontarget	species,	including	waders,	such	as	European	golden	









Fieldwork	was	 carried	 out	 in	 one	 hundred	 and	 four	 1‐km2	 survey	
squares,	 across	18	upland	estates	 (mean	estate	 size:	2,771	ha;	SE: 




























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Birds	were	 surveyed	 following	Brown	 and	Shepherd	 (1993)	meth‐






















and	 for	 Eurasian	 wren.	 For	 Eurasian	 skylark,	 meadow	 pipit,	 large	
predatory	 birds	 (northern	 raven,	 owls	 and	 birds	 of	 prey	 excluding	
common	 kestrel	 Falco tinnunculus,	 and	 merlin	 Falco columbarius),	










the	 two	visits	was	used	as	 the	estimate	 for	 that	 square	 (following	
Calladine,	Garner,	Wernham,	&	Thiel,	2009).
Territories	of	Eurasian	wrens	were	determined	similarly	to	wad‐
ers	 except	 that	 single	 birds	 in	 suitable	 breeding	 habitat	were	 also	
counted	as	representing	a	territory	and	a	200‐m	threshold	was	used	
to	 identify	different	territories	within	a	survey	visit	when	this	was	
not	 determined	 in	 the	 field.	 The	 same	200‐m	 threshold	was	used	
to	establish	whether	birds	noted	on	different	visits	belonged	to	the	
same	territorial	pair	(following	Calladine	et	al.,	2009).
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Estate	owners,	 tenants,	 agents,	 gamekeepers,	 and	managers	were	
interviewed	 to	 quantify	 the	 time	 spent	 on	 predator	 control	 activ‐
ity	 on	 each	 of	 the	 18	 sites.	 These	 estimates	 primarily	 comprised	




from	 neighboring	 estates	 operating	 on	 the	 focal	 estate	with	 con‐
sent.	These	data	were	 converted	 into	estimates	of	 the	number	of	
full‐time	equivalent	 staff	exclusively	 carrying	out	predator	control	
per	1,000	ha.
The	 area	 of	 each	 survey	 square	 under	 burning	 management	




has	 not	 been	 burned	 for	 20	 years	 or	more	 (Yallop	 et	 al.,	 2006).	
While	 it	was	 possible	 that	 burning	may	have	been	 instigated	on	
some	 areas	 since	 the	 images	 were	 taken,	 no	 substantial	 recent	
changes	in	burning	management	were	reported	during	interviews	
with	site	contacts.	An	alternative,	remotely	sensed	index	of	burn‐
ing	 was	 also	 calculated.	 These	 estimates	 were	 calculated	 using	


















to	 the	 relative	 similarity	 of	 vegetation	 in	 the	 first	 three	 of	 these	
categories,	and	the	fact	 that	some	degraded	bog	areas	may	be	 in‐
distinguishable	 from	 upland	 heathland	 on	 vegetation	 parameters	
(Rowland	et	al.,	2017),	they	were	combined	to	form	a	single	“heath	



















species	 for	 management	 (recorded	 in	 92	 survey	 squares),	 were	
sufficiently	widespread	 to	be	modeled	 individually	 in	 relation	 to	
environmental	 variables.	 An	 additional	 group,	 comprising	 large	
predatory	birds	that	can	sometimes	predate	ground‐nesting	wad‐
ers	and	grouse	(red	kite	Milvus milvus,	northern	goshawk	Accipiter 
gentilis,	 Eurasian	 sparrowhawk	 Accipiter nisus,	 common	 buzzard	




ground‐nesting	 waders	 that	 might	 be	 affected	 by	 management	
(European	 golden	 plover,	 Eurasian	 curlew,	 common	 snipe),	 (c)	
common,	widely	distributed	species	that	are	less	closely	linked	to	
heather	moorland	and,	 so,	may	be	 less	directly	 affected	by	 spe‐
cific	 elements	 of	 management	 (Eurasian	 skylark,	 Eurasian	 wren,	
meadow	 pipit),	 and	 (d)	 a	 suite	 of	 birds	 that	 might	 be	 expected	
to	 respond	 positively	 to	 prey	 availability	 (large	 predatory	 birds).	
This	 latter	 group	was	modeled	 together	 due	 to	 the	 low	 number	
of	records	for	individual	species.	Generalized	linear	mixed‐effects	
models	 (GLMMs)	 were	 fitted	 for	 each	 species/group	 using	 the	
“glmmTMB”	function	in	R	(Brooks	et	al.,	2017;	R	Core	Team,	2017).	
Four	types	of	model	were	considered,	to	suit	the	level	of	disper‐
sion	 and	 zero‐inflation	 in	 the	 abundance	 data	 of	 each	 species/
group:	 (a)	 Poisson	 regression,	 (b)	 negative	 binomial	 regression,	
(c)	 zero‐inflated	 Poisson	 regression,	 and	 (d)	 zero‐inflated	 nega‐
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using	Moran's	I	statistic.	Significant	autocorrelation	was	identified	
for	 all	 species/groups,	 except	 for	 large	 predatory	 birds.	Models	
were	fitted	with	all	possible	combinations	of	environmental	vari‐
ables	as	predictors	(see	Table	2),	while	not	allowing	cooccurrence	
of	 highly	 correlated	 variables	 (r	 ≥	 .70),	 which	 included	 predator	










2015)	 and	 included	 these	 in	 a	 top	 model	 set	 for	 each	 species.	
Additionally,	 Akaike	 model‐averaged	 standardized	 coefficients	
were	calculated	across	all	models	for	each	species	to	illustrate	the	
strength	 of	 evidence	 for	 different	 effects.	 Predictors	 occurring	
within	 the	 best	 performing	 model,	 and	 consistently	 throughout	
top	model	sets,	were	considered	to	have	strong	support.




tion.	 Collinearity	 was	 assessed	 in	 the	 best	 performing	 models	





Next,	 we	 examined	 further	 the	 fitted	 effects	 of	 management	
identified	in	our	models.	Firstly,	the	relative	importance	of	predator	
control	and	burning	was	assessed	by	comparing	the	mean	and	range	









was	 compared	with	 that	 of	 the	original	models	 using	AIC,	 and	 the	





tween	 predator	 control	 and	 the	 abundance	 of	 European	 golden	
plover,	Eurasian	curlew,	common	snipe,	and	red	grouse	(Figure	2).	










control	 effort	 up	 to	 a	 point,	 after	which	 further	 intensifying	 of	
predator	control	had	little	effect.	The	only	evidence	for	an	effect	





els	due	 to	 their	 collinearity,	mean	 coefficients	 calculated	across	
all	 models	 in	 which	 each	 occurred	 individually	 indicate	 much	








land	 extent	 negatively	 influenced	 the	 abundances	 of	 European	
golden	 plover	 and	 Eurasian	 curlew	 but	 was	 associated	 with	 a	
higher	abundance	of	large	predatory	birds	(though	the	null	model	





sites.	A	quadratic	effect	was	 selected	 for	 red	grouse,	 suggesting	
higher	 grouse	 numbers	 at	 intermediate	 elevations.	 An	 effect	 of	
slope	was	selected	in	the	best	model	of	six	species.	Eurasian	wren	
abundance	was	negatively	associated	with	the	spatial	extent	of	flat	
areas,	 while	 effects	 for	 other	 species	were	 relatively	weak.	 The	
null	model	occurred	within	the	top	model	sets	for	common	snipe,	











     |  7LITTLEWOOD ET aL.
4  | DISCUSSION










of	 these	 management	 actions,	 has	 potential	 to	 underpin	 scenario‐
based	predictive	models	and	field	experiments	to	evaluate	how	these	
species	would	be	affected	by	future	changes	in	upland	management.
Our	 study	 is	 an	 example	of	 how	applied	 ecology	 can	 inform	a	
debate	surrounding	entrenched	conservation	conflicts.	For	example,	
















positive	 influence	 of	 burning.	 Burning	 and	 predator	 control	 are	
closely	 linked	activities	 in	 intensive	management	for	driven	grouse	
shooting	 and,	 unsurprisingly,	 the	 intensity	 of	 these	 activities	 was	
correlated	 in	 our	 data	 (r	 =	 .70).	 However,	 by	 fitting	 models	 with	
each	 action	 independently,	 it	 was	 possible	 to	 compare	 the	 rela‐
tive	strength	of	evidence	for	these	activities	and	their	effect	sizes	
(Figure	3).	 It	 is	still	 likely,	however,	that	burning	does	play	a	role	in	
shaping	 bird	 assemblages	 independently	 of	 predator	 control	 (e.g.,	






in	 finding	 field	 sites	with	 sufficiently	 varying	magnitudes	of	burn‐
ing	and	predator	control.	Nonetheless,	our	results	suggest	that	the	
importance	of	burning	 is	considerably	 lower	 than	 that	of	predator	
control	for	upland	waders.








































TA B L E  2  Summary	of	predictor	
variables	used	in	GLMMs











of	meadow	pipits	with	 areas	of	 grouse	moor	 (Newey	et	 al.,	 2016;	
Smith,	Redpath,	Campbell,	&	Thirgood,	2001;	Tharme	et	al.,	2001).	
Our	findings	did	not	identify	specific	evidence	of	grouse	moor	man‐









the	 null	 model	 featuring	 in	 the	 best	 model	 set.	 Predatory	 birds	
have	been	shown	 to	exhibit	 a	 range	of	numerical	 and	 functional	
responses	 to	grouse	moor	management	 and,	 for	 several	 studies,	
it	has	been	demonstrated	that	their	abundance	can	be	positively	
associated	 with	 grouse	 abundance	 and	 legal	 predator	 control	
(Baines	 et	 al.,	 2008;	 Ludwig,	 Roos,	 Bubb,	 &	 Baines,	 2017).	 The	
low	 numbers	 of	 large	 predatory	 birds	 across	many	 of	 our	 study	
sites	(mean	per	survey	square	=	0.80	birds,	SD	=	1.14)	could	reflect	
wider	 population	 suppression	 arising	 from	 illegal	 persecution	 of	
birds	of	prey	on	grouse	moors	(e.g.,	Amar	et	al.,	2012;	Murgatroyd	
et	al.,	2019;	Whitfield	&	Fielding,	2017),	 and	more	widely.	Thus,	
the	 poor	 performance	 of	 our	models	 could	 relate	 to	 our	 lack	 of	
national	 data	 on	 intensity	 of	 illegal	 persecution.	 However,	 our	
need	to	combine	these	species	into	a	single	category,	due	to	their	
low	 numbers,	may	 have	 obscured	 effects	 for	 individual	 species.	
For	example,	populations	of	some	species	may	be	more	sensitive	
to	 availability	 of	 nonavian	 prey	 (e.g.,	 Francksen,	 Whittingham,	
Ludwig,	Roos,	&	Baines,	2017)	and,	thus,	may	be	independent	of	
grouse	and	wader	abundance.








et	 al.,	 2016)	 and	 on	 species	 of	 conservation	 concern	 (Watson	 &	






















































































FTE Predator control 1000 ha−1
(a) (b)
(c) (d)
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Wilson,	2018)	as	well	as	on	the	incompatibility	of	raptor	protection	
with	economic	viability	of	driven	grouse	shooting	(Sotherton	et	al.,	














legal	 predator	 control	 would	 be	 unlikely	 to	 continue	 at	 current	
levels.	As	such,	given	the	magnitude	of	parameter	estimates	that	
we	 calculated	 for	 the	 effect	 of	 predator	 control	 on	 moorland	



















regulatory	 controls.	 Some,	 though,	may	be	carried	out	 to	 improve	
conditions	for	browsing	by	sheep	(albeit	on	a	wider	patch	scale	than	
that	 for	 grouse	management)	 or,	 through	 agri‐environment	 incen‐
tives,	 for	maintaining	habitat	quality.	Currently,	burning	 in	 the	UK	
uplands	appears	to	be	 increasing	 in	extent	and	concern	 is	growing	
that	this	may	increase	carbon	loss	and	reduce	flood	mitigation	prop‐
erties	of	moorlands	 (Douglas	et	al.,	2015).	Heather	moorland	 is	an	
anthropogenic	 habitat,	 maintained	 largely	 by	 burning,	 sometimes	
in	 conjunction	with	 grazing	 by	 sheep,	 cattle,	 or	 deer.	A	 decline	 in	
such	 management	 may	 lead	 to	 an	 increase	 in	 the	 proportion	 of	
grasses	 and,	 where	 climate	 and	 grazing	 allow,	 establishment	 of	






sociated	with	 driven	 grouse	 shooting	 and	 the	numbers	 of	 larger	
predatory	birds	encountered.	This	was	contrary	 to	our	hypothe‐
sis	 that	numbers	of	noncontrolled	predators	 that	 target	ground‐




TA B L E  4  Relative	performance	of	models	fitted	with	linear	(a.x)	and	saturating	effects	[a.(1−e−b.x)]	of	predator	control	on	the	abundance	
of	four	selected	species.	There	was	evidence	for	a	saturating	effect	for	the	three	wader	species,	but	not	red	grouse
Effect of predator 
control (x)
Red grouse Eurasian curlew European golden plover Common snipe
LL ΔAIC LL ΔAIC LL ΔAIC LL ΔAIC
a.x −322.95 0.00 −153.00 9.79 −127.45 5.42 −103.25 3.51
a.(1−e−b.x) −322.83 1.75 −147.11 0.00 −123.74 0.00 −100.50 0.00
Abbreviation:	AIC,	Akaike	Information	Criterion.
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detrimental	to	populations	of	some	predatory	bird	species,	due	to	
consequential	habitat	changes	and	increases	in	mammalian	pred‐
ators	 (e.g.,	 Baines	 et	 al.,	 2008).	On	 the	other	 hand,	 cessation	of	
driven	grouse	shooting	could	lead	to	reductions	in	the	illegal	killing	







An	 important	 issue	 in	 the	 debate	 over	 driven	 grouse	 shooting	 is	
concern	for	the	wider	assemblage	of	nontarget	moorland	bird	spe‐
cies.	 Our	 research	 clearly	 demonstrates	 that	management	 associ‐





tively,	 the	 retention	of	 low	or	moderate	 levels	of	predator	control	
could	potentially	 still	 benefit	 them	due	 to	 the	 functional	 forms	of	
the	abundance‐predator	control	relationships.	These	results	add	to	
our	understanding	of	the	likely	consequences	of	different	manage‐
ment	 options	 for	 moorland	 bird	 species	 of	 conservation	 concern,	
providing	 the	 evidence‐base	 to	 inform	 scenario‐based	 predictive	
population	models.	As	the	debate	surrounding	the	issue	progresses,	
it	is	vital	that	a	strong	evidence‐base	is	used	in	decision‐making	and	
policy	 formation	and	that	 the	 implications	of	changes	 in	moorland	
practices,	 or	 continuation	 of	 present	 management,	 are	 carefully	
considered.
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